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Fig. 1. Spatial distribution of Gross Domestic Product (a) and population (b) in 2010 over the region
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between (117°E, 28°N) and (123°E, 34°N) with the resolution of 2.5 arcmin. Data are obtained from the or gravitational potential energy can finally transform to high entropy thermal energy as well, andonly a neglectful portion (<< 1%) might convert to radiation and escape to space (Flanner, 2009) . 145 So, it is reasonable to assume that all non-renewable primary energy consumption is dissipated 146 thermally in Earth's atmosphere. From another perspective, in this study, the gridded AH data is 147 finally incorporated into the single layer urban canopy model SLUCM (Kusaka and Kimura, 2004 ; 148 Chen et al., 2011) , in which we do not need to strictly distinguish different sources of AH. In a 149 consequent, Q F,I + Q F,B + Q F,T at each grid can be estimated on the basis of energy consumption 150 from non-renewable sources (coal, petroleum, natural gas, and electricity etc.) by using the 151 following equation: 152 Q F,I + Q F,B + Q F,T = η· ε s ·C s / (t·A) (2) 153 where, C s is the primary energy consumption that has been converted to standard coal (t) at a grid. 154 ε s is the calorific value of standard coal (the conversion factor from primary energy consumption 155 to heat), which is recommended to be 29271 kJ/kg in many previous studies (Chen et al., 2012; Lu 156 et al., 2014; Xie et al., 2015) . η is the efficiency of heat release in different sectors, with the typical 157 value of 60% for electricity or heat-supply sector and 100% for other sectors (Lu et al., 2014) . t is 158 the time duration of used statistic data, and is set to be 365 (days in a year) ×24×3600 = 31536000 159 s in this study. A represents the area of a grid, which is about 4×4 km 
Air quality model and configuration 176
The WRF/Chem version 3.5 is applied to investigate the impacts of AH fluxes on climate and 177 air quality over the YRD region. WRF/Chem is a new generation of air quality modeling system 178 developed at National Center for Atmospheric Research (NCAR), in which the meteorological 179 component (WRF) and the air quality component (Chem) are fully coupled using the same 180 coordinates and physical parameterizations. The feedbacks between meteorology and air 181 pollutants are included in the model. It has been proved to be a reliable tool in simulating air 182 quality from city-scale to meso-scale in China (Liu et 
where V ADDAH,t and V NONAH,t are the hourly modeling outputs of variable V (meteorological factors 211 or air pollutants) from ADDAH and NONAH, respectively. The monthly averaged differences of 212 variables are calculated grid by grid. To guarantee the differences of one variable are statistically 213 significant, student t test is carried out based on the data set from NONAH and ADDAH for each 214 grid. At one grid, if the difference is non-significant under the 95% confidence level, we can assert 215 that the AH flux cannot significantly change the meteorology or air quality at this grid (Zhuang et 216 al., 2013a; 2013b; Liao et al., 2015) . 217
The detailed options for the physical and chemical parameterization schemes used in this 218 study are shown in Table 1 . The major selected physical options include Purdue Lin microphysics 219 scheme, RRTM (Rapid Radiative Transfer Model) long-wave radiation scheme, Goddard 220 short-wave radiation scheme, Kain-Fritsch cumulus parameterization scheme, Noah/LSM (Land 221
Surface Model) scheme and MYJ (Mellor-Yamada-Janjic) PBL scheme. Specially, SLUCM 222 (coupled with Noah/LSM) is adopted for better simulating the urban effect on meteorological 223 conditions and pollutant distribution. The 30-sec MODIS 20 category land datasets ( The biogenic emissions are estimated by using MEGAN2.04 (Guenther et al., 2006) . 245 (shown in Fig. 3 ). According to the findings of Sailor and Lu (2004) and Flanner (2009), the 268 values of w y for January and July are set to be 1.2 and 0.8, respectively. 269 The assurance/quality control (QA/QC) procedures at CCM strictly follow the national standards. 295 296
Results and discussions 297
Spatial and temporal distribution of anthropogenic heat flux in the YRD region 298
Using the methodology outlined above in Sect. 2.1, we construct the spatial distribution of 299 anthropogenic heat fluxes over the YRD region from 1990 to 2010 with a 5-year interval. Being the largest city, Shanghai always has the highest anthropogenic heat emissions in the 309 YRD region. As shown in Table 2 , the annual mean value over the whole administrative district is 310 represents the high value in the city center.
335
In 2010, nearly all areas of the YRD region have the AH fluxes more than 2.5 W/m 2 (shown 336 in Fig. 4d ). High fluxes generally occur in and around the cities, such as Shanghai, Nanjing, 337
Hangzhou, Yangzhou, Zhenjiang, Taizhou, Changzhou, Wuxi, Suzhou, Nantong, Huzhou, Jiaxing, 338
Shaoxing, and Ningbo etc., with the typical values of 113.5, 50.2 and 39.3 W/m 2 in the urban areas 339 of Shanghai, Jiangsu and Zhejiang, respectively (shown in Table 2 ). Comparing Fig. 4d with Fig.  340 1, we can easily find that the spatial distribution of AH based on the population reflects the 341 economic activities in the YRD region as well, suggesting that our method is effective and the 342 results are reasonable. Moreover, as shown in Table 2 , parts of our conclusion can be supported by 343 Therefore, the gridded AH fluxes can be used in meso-scale meteorological and environmental 345 modeling to investigate their impacts on urban climate and air quality. 346 347 and CORR are all quantified for 2-m temperature (T 2 ), 2-m relative humidity (RH 2 ) and 10-m 351 wind speed (WS 10 ) at four grids where NJ, HF, HZ and SH are located. As shown in Table 3 , the 352 correlation coefficients between observations and simulations (CORR) are over 0.9 in January and 353 about 0.8 in July for T 2 , higher than 0.7 for RH 2 at most sites in both months, and close to 0.7 for 354 WS 10 in January. So WRF/Chem simulates the urban meteorological conditions over the YRD 355 region quite well. With respect to T 2 , the modeling results are slightly overvalued at all sites, 356 which might be attributed to the uncertainty caused by urban canopy and surface parameters 357 the results are reasonable at other three sites. We find that the land-use dataset cannot well 363 describe waters around HF. In view that HF is not in the center area of the YRD region, the 364 deviation at HF cannot introduce crucial uncertainty into our main conclusion. In regard to WS 10 , 365
Model evaluation for WRF/Chem 348
the modeling values from the ADDAH case are slightly overestimated at NJ, HF and HZ, whereas 366 underestimated at SH. The MB for WS 10 is generally less than 0.5 m/s, and the RMSE is less than 367 , 2015) . 371 
ADDAH and NONAH (ADDAH-NONAH) over the modeling domain 3 (D03). Differences that 416
are non-significant under the 95% confidence level using student t-test have been masked out. 417
Obviously, the emissions of anthropogenic heat increase the sensible heat fluxes from the urban 418 canopy layer over the YRD region. As shown in Fig. 6a and b, the spatial patterns of sensible heat 419 changes in both January and July are similar to the spatial distribution of AH fluxes (Fig. 4d) . can be found in both months as well. In order to better understand the different behavior during 425 the daytime and at night, the monthly-averaged diurnal variations of these modeled meteorological 426 factors over the urban area of Shanghai in January and July are also calculated. As illustrated in 427 
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By adding more surface sensible heat into the atmosphere, the AH flux changes can influence 454 the 2-m air temperature (T 2 ) as well. The patterns of the monthly-averaged T 2 changes (Fig. 6c  455 and d) are similar to those of SHF ( Fig. 6a and b) . For city centers like Shanghai, Hangzhou and 456 Nanjing, adding AH can lead to the increase of T 2 over 1℃ in January and over 0.5℃ in July, 457
generating an enhanced Urban Heat Island. The maximum T 2 changes usually occur in the city 458 center of Shanghai, with the typical value of 1.6 ℃ in January and 1.4 ℃ in July. increase of T 2 at night in January (1.2℃) is larger than that in the daytime (1.0℃), whereas the 463 increase during the daytime and nighttime is all equal to 0.6℃ in July, suggesting that AH can 464 help to form a weakened diurnal T 2 variation in winter. 465
The vertical air movement in PBL can be enhanced by the warming up of surface air 466 temperature, which might increase the height of PBL (PBLH). Consequently, the enhanced AH 467 fluxes increase the PBLH by more than 50m in January and more than 70m in July over the YRD 468 urban areas, with the maximum changes (140m for January and 160m for July) occurring in 469 Shanghai (shown in Fig. 6e and f) . In summer, the weather is more unstable and the vertical 470 convection is easy to form. So the adding AH induces more increase of PBLH in July. For both 471 months, as shown in Fig. 7 , the daytime relative increase of PBLH (10%-15%) is smaller than that 472 at night (23% -33%), which can be attributed to the facts that the absolute PBLH values are lower 473 and the air temperature increases more during the nighttime. 474 region, increase of WS 10 is more obvious in January (Fig. 6g ) than in July (Fig. 6h) , and is slightly 479 higher at night than in daytime (Fig. 7) . As mentioned in previous studies, the above increase of 480 wind speed can be ascribed to the strengthened urban-breeze circulation caused by the enhanced 481 The strengthened urban-breeze circulation caused by adding AH can also enhance the 487 vertical movement of atmosphere. As shown in Fig. 8a , the simulated vertical velocity above the 488 megacities on 850 hPa layer increases about 2 cm/s in July, suggesting that the convection 489 movements that can transport moisture and pollutants from surface to upper layer are strengthenedin the urban areas. Thus, the spatial and vertical distributions of moisture are modified. Fig. 8c andd illustrate the spatial plots for monthly-averaged differences of 2-m relative humidity (RH 2 ) 492 caused by adding AH (ADDAH-NONAH). The negative centers over the cities (the AH centers) 493 can be seen in both January (-2 to -8%) and July (-2 to -6%), meaning the air near the surface 494 became dryer. More moisture transported into the mid-troposphere (the vertical profile is 495 discussed in Fig. 9g and h in details) might enhance rainfall inside urban areas as well. As shown 496
in Fig. 8b , the increase of rainfall in July can be 72.4, 84.6 and 63.2 mm in Shanghai, Hangzhou 497 and Ningbo, respectively. However, because of the negligible accumulative precipitation in winter, 498 the increment of rainfall over the YRD region in January can be ignored (not shown). 
Vertical meteorology changes 508
To better understand how AH change the vertical and spatial distribution of meteorology in 509 the YRD region, we present changes (ADDAH -NONAH) of air temperature (T), vertical wind 510 velocity (w), divergence (DIV) and water vapor mixing ratio (QVAPOR) along a cross-section 511 from (28.9°N, 118.1°E) to (31.8°N, 122.6°E) as shown by the solid line AB in Fig. 2b . The 512 vertical cross sections for T changes (Fig. 9a and b) illustrate that adding AH leads to a significant 513 increase in air temperature near the surface around the cities (Shanghai and Hangzhou) , while the 514 changes are close to 0 in the rural areas and free troposphere. The monthly mean increment of T 515 over Shanghai and Hangzhou at ground level in January (0.7℃) is bigger than that in July (0.4℃), 516 which can be attributed to the facts that the relative increase of heat is higher in January due to 517 background heat fluxes are much lower in winter. 518
The warming of air temperature near surface in cities, as well as the rising of PBLH in these 519 areas ( Fig. 6e and f) , can generate an enhanced urban heat island. As shown in Fig. 9c and d , the 520 vertical wind velocities above Shanghai and Hangzhou increase with added values of 0.3 -0.7 521 cm/s in both months, whereas w in the rural areas decreases about -0.3m/s in January and -0.5 522 cm/s in July, suggesting that there are an enhanced upward movement in cities and an enhanced 523 downward movement in countryside. We also analyze the divergence changes along the 524 cross-section including Shanghai and Hangzhou (Fig. 9e and f) . It can be seen that adding AH 525 decreases DIV from surface to 750m and increases DIV at higher levels, which means that there is 526 a stronger convergence wind pattern in lower PBL and a more divergent wind pattern in higher 527 PBL. This changing implies that the atmosphere is more unstable, and intends to promote the 528 development of deep convection in troposphere. Consequently, impacted by the strengthened 529 urban-breeze circulation, more moisture is transported from surface to the upper levels (over 1km), 530 with 0.6g/kg decrease of QVAPOR at the ground level and 0.1g/kg increase for the upper PBL in 531
July as presented in Fig. 9g and h. Furthermore, the abovementioned vertical changes of w, DIV 532 and QVAPOR are only restricted to the air column over the AH emission centers (Shanghai and 533
Hangzhou) in January, while the changes distribute widely (the adding AH fluxes can impact 534 wider areas) in July. This seasonal difference can be ascribed to the facts that the atmosphere is 535 more stagnant in winter and more convective in summer. show the changes of primary air pollutants in this study. Fig. 10 illustrates the influence of AH on 550 PM 10 spatial distribution in typical months of winter and summer (differences that are 551 non-significant at 95% confidence level using t-test are masked out). Results show that PM 10 in 552 the lowest modeling layer is reduced at all times around the cities, especially in Shanghai, Nanjing 553 and Hangzhou. The maximum decrease usually appears in Shanghai, with the monthly mean 554 reduction of 29.3μg/m 3 (24.5%) in January and 26.6 μg/m 3 (18.8%) in July. Compared with the 555 distribution of AH emissions (Fig. 4) and meteorology changes (Fig. 6) , the reduction in surface 556 PM 10 should be mainly related with the increase in PBLH, the rising up of surface wind speed and 557 the enhanced upward movement of air, because these modifications of meteorological conditions 558 caused by adding AH over the urban areas can facilitate PM 10 transport and dispersion within the 559 urban boundary layer. Furthermore, on account that the precipitation around the cities increases by 560 15-30%, the wet scavenging can contribute to the reductions of the surface PM 10 concentrations as 561 well. 562 Fig. 11a and b, the increases of surface O 3 level can be seen 576 in both January and July over the YRD region, with large increase centers occurring in megacities. 577
In January (Fig. 11a) , the maximum O 3 difference appears in Shanghai, with the monthly mean 578 increment of 2.5ppb (18%). In July (Fig. 11b) , the highest O 3 change occurs in Hangzhou, with the 579 added value of 4 ppb (15%). In the surrounding areas of these high value centers, increase of O 3 580 associated with the introduction of AH can be over 0.5 ppb in January and more than 1 ppb in July. 581
This change pattern and the magnitude are consistent with the findings reported in Beijing (Yu et 582 al., 2014) and Seoul (Ryu et al., 2013) . 583
Chemical direct and indirect effects should play a more important role in O 3 changes than 584 other physical influencing factors. On the one hand, the rising up of air temperature ( Fig. 6c and d (such as PM 10 ), NO x at ground level are reduced in both January and July due mainly to the 589 increase in PBLH, surface wind speed and upward air movement caused by adding AH (Fig. 11c  590 and d). It was reported that the O 3 formation over the cities in the YRD region is sensitive to VOC 591 non-significant at 95% confidence level using t-test have been masked out. For the primary air 608 pollutants such as PM 10 and NO x , the AH fluxes can decrease their concentrations near surface. As 609 shown in Fig. 12a and b , in the atmosphere below 300m above Shanghai and Hangzhou, the 610 concentrations of PM 10 decrease 2.3-16.2μg/m 3 in January and 2.1-15.8μg/m 3 in July, respectively. 611
Surface NO x concentrations near Shanghai and Hangzhou can be reduced over 15 ppb in both 612 month as well ( Fig. 12c and d) . Meanwhile, it can be also found that there are increases in PM 10 613
and NO x concentrations at the upper levels over the cities. For instance, the added values of PM 10 614
and NO x can be more than 3μg/m 3 and 3ppb at about 1km above surface in January, respectively. 615
This vertical changing pattern for primary chemical species is quite similar to that for water vapor 616 (Fig. 9g and h ), indicating that this is a reflection of the change in vertical transport patterns in the 617 region due to AH (Yu et al., 2014) . It should be noted that the maximum vertical changes of air 618 pollutants in Hangzhou usually occur at about 1km above surface, whereas those in Shanghai 619 generally appear at higher levels ( > 1km), implying that more surface air pollutants in Shanghai 620 might be transported into higher levels due to higher AH emissions in this biggest city in the YRD 621 region. Furthermore, Fig. 13 shows the vertical profiles of the changes for PM 10 , NO x and O 3 622 caused by adding AH over Shanghai. In winter, the large increases of PM 10 and NO x appear at 623 500m to 1500m above surface. But the maximum increases usually occur at more than 1.5 km 624 above surface in summer. This phenomenon can be attributed to the facts that the atmosphere is 625 more convective in summer than in winter. 626
On the contrary to the primary air pollutants, O 3 changes show increases near surface and 627 decreases at the upper levels over the urban areas. Fig. 12e and f illustrates that the increases of O 3 628 concentrations are limited within 400m above the surface over the cities, with the high values of 629 2.6 ppb in January and 4.2 ppb in July. As mention in Sect. 3.4.1, this may be the result of both the 630 increase in O 3 production caused by higher surface temperature and the decrease in O 3 depletion 631 resulting from less surface NO. With respect to O 3 concentrations from 400m to 1.5km above 632 surface, they generally decrease with the reduction values of more than 1ppb in both January andconcentrations at these upper levels can lead to the depletion of O 3 , because of the VOC-sensitive 635 O 3 chemistry in the daytime and NO x titration at night in this region. In some previous studies on 636 the O 3 variations induced by urban land-use, researchers also found that O 3 chemical production is 637 increased at the surface around big cities in summer (Liao et al., 2015; Zhu et al., 2015) and in 638 winter (Liao et al., 2015) . However, it was also found that the averaged daytime O 3 in the upper 639 PBL could significantly increase by 20-40ppbv because of strong urban heat island circulation in 640 the summer of Shanghai (Zhu et al., 2015) . This result implies that the vertical transport of O 3 641
caused by urban land-use should be stronger than that caused by AH. Thus, more upward O 3 can 642 compensate the depletion of O 3 at upper levels. 643 YRD region. 2-m air temperature can be increased by more than 1℃ in January and over 0.5℃ in 672
July. The PBL heights can be increased with the maximum changes of 140m for January and 673 160m for July in Shanghai. The strengthened urban-breeze circulation resulted from adding AH 674 can enhance the 10-m wind speed and the vertical air movement as well. Thus, more moisture is 675 transported from surface to the upper levels, with 0.6g/kg decrease at the ground level and 0.1g/kg 676 increase for the upper PBL in July, which might induce the accumulative precipitation to increase 677 by 15-30% in Shanghai, Nanjing and Hangzhou. 678
Influenced by the modifications of meteorological conditions, the spatial and vertical 679 distribution of air pollutants is modified. With respect to the primary air pollutants (PM 10 and 680 NO x ), their transport and dispersion in PBL can be facilitated by the increases of PBLH, surface 681 wind speed and upward air movement, which causes the decreases of concentrations near surface 682 and the increases at the upper levels. Usually, PM 10 can be reduced by 2-16 μg/m 3 within 300m 683 above the surface of the cities, and added over 3μg/m 3 in upper PBL. However, surface O 3 684 concentrations increase in the urban areas, with maximum changes of 2.5ppb in January and 4 ppb 685 in July. Besides the rising up of air temperature directly accelerating the surface O 3 formation, the 686 decrease in NO x at the ground can also result in the increase of surface O 3 due to the 687 VOC-sensitive O 3 chemistry in the daytime and NO x titration at night in this region. Furthermore, 688 O 3 concentrations at higher levels are reduced by about 1ppb due mainly to the increase of NO, 689 and the impacts of AH are not only limited to the urban centers but also extended regionally. 690
Impact of anthropogenic heat emission on urban climate and air quality is undoubtedly an 691 important and complex scientific issue. Our results show that the meteorology and air pollution 692 predictions in and around large urban areas are highly sensitive to the anthropogenic heat inputs. 693
In a consequent, for further understanding of urban atmospheric environment issues, good 694 information on land use, detailed urban structure of the cities and more studies of the 695 anthropogenic heat release should be better considered. 
